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Abstract Microgravity, confinement, isolation, and
immobilization are just some of the features astronauts
have to cope with during space missions. Consequently,
long-duration space travel can have detrimental effects on
human physiology. Although research has focused on the
cardiovascular and musculoskeletal system in particular,
the exact impact of spaceflight on the human central ner-
vous system remains to be determined. Previous studies
have reported psychological problems, cephalic fluid shifts,
neurovestibular problems, and cognitive alterations, but
there is paucity in the knowledge of the underlying neural
substrates. Previous space analogue studies and prelimi-
nary spaceflight studies have shown an involvement of the
cerebellum, cortical sensorimotor, and somatosensory areas
and the vestibular pathways. Extending this knowledge is
crucial, especially in view of long-duration interplanetary
missions (e.g., Mars missions) and space tourism. In
addition, the acquired insight could be relevant for
vestibular patients, patients with neurodegenerative disor-
ders, as well as the elderly population, coping with multi-
sensory deficit syndromes, immobilization, and inactivity.
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Introduction
Half a century of manned spaceflight has taught us that
space travel can have detrimental effects on human phys-
iology. Due to the increasing duration of space missions
from a few days up to several months and even a year,
these detrimental effects have become clearer. Examples
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syndrome, bone density loss, muscle atrophy, and neu-
rovestibular problems.
It is likely that spaceflight, and microgravity in partic-
ular, will induce alterations in (electro)cortical function
and structure for a number of reasons. One of them is the
fact that the otoliths that constitute the linear acceleration
detectors of the vestibular system are abruptly deprived of
the sense of gravity. This hampered peripheral input could
in turn have an effect on the vestibular nuclei, as well as on
the cortical projections where integration of the different
sensory inputs takes place, such as the parieto-insular
region, the thalamus, and the temporoparietal region (e.g.,
[1] for a review on animal and human data). Furthermore,
the recurrent observations of problems with movement-
timing and motor coordination in returning space crew [2]
suggest plausible alterations of structure and function of
the cerebellum, responsible for coordination and fine motor
control [3].
Currently, there is paucity in the knowledge on the exact
effect of microgravity on the human brain. However, with
an eye towards interplanetary missions and space tourism
(introducing non-experienced and non-trained individuals
to microgravity), it is important to get a better insight into
the neural changes taking place. This will ensure crew
safety and health by allowing the development of new and
the optimization of current countermeasures. Since space
studies are limited by several logistic, financial, and prac-
tical restrictions, ground-based analogues have been
developed to overcome some of these problems. We will
here give a concise overview of the current knowledge of
the effect of microgravity on the brain, based on actual
spaceflight as well as parabolic flight studies assessed with
electroencephalography and magnetic resonance imaging,
complemented with results from dry immersion and head-
down bed rest space analogues.
Space analogues
Dry immersion involves immersing the subject in thermo-
neutral water while being covered in an elastic waterproof
fabric to keep the subject dry. By doing so, there is no
direct contact with water. Immersion is an adequate
spaceflight alternative, since it mimics several spaceflight
features, such as ‘supportlessness’ (i.e., lack of a sup-
porting structure against the body), centralization of
bodily fluids, confinement, immobilization, and hypoki-
nesia [4].
Head-down bed rest (HDBR) is the most implemented
space analogue. During HDBR, a subject lies in a bed that
is inclined with the head down (-6 in most cases) typi-
cally for a period of 1 week, 1 month, or even longer. This
HDBR causes a cephalic fluid shift and the absolute
restriction to the bed replicates immobilization, isolation,
and monotony of activities. However, the gravitational and
vestibular input remains [5].
During a parabolic flight (PF), a specific flight trajectory
is carried out by an airplane, such that normo-, hyper-, and
microgravity phases are alternatingly experienced by the
subjects on board of the aircraft (Fig. 1) [6]. In addition,
this trajectory can be modified to acquire parabolas of
Martian gravity (0.38 g) and lunar gravity (0.16 g). The
typical duration of microgravity is of the order of 20 s, but
the aircraft usually flies 15–30 parabolas during one mis-
sion. A PF is the only ground-based method allowing life
science experiments in actual microgravity [6].




EEG has been commonly used to investigate electrocortical
activity during microgravity. Due to its portability, EEG
allows for easy implementation in an extreme environment
such as space [7]. During EEG, electrical activity of the
brain is monitored and measured by placing multiple
electrodes along the scalp. EEG has a good temporal res-
olution, but a low(er) spatial resolution.
Actual spaceflight studies have consistently reported an
increase in alpha power [8, 9]. More specifically, the alpha
rhythm in the parieto-occipital and sensorimotor areas was
increased, possibly related to the decreased gravitational
input in space [8]. Even more recently, it was found that
there is an alpha decrease of the cerebellum and the
vestibular network in microgravity, as well as in the
bilateral motor cortex [9]. These findings underlie the
increased processing necessary for postural stabilization,
and the increased demand to integrate incongruent
vestibular information [9].
In addition, several space analogue studies have been
conducted to infer on the impact of microgravity and
spaceflight on electrocortical function by means of EEG. A
recent dry immersion study reported decreases in alpha
power and a modest increase in theta power [10]. On the
other hand, parabolic flight studies have shown a decrease of
beta power, which is suggested to reflect either emotional
reactions to weightlessness [11], baroreceptor stimulation
[12] or lower arousal levels [13]. Finally,HDBR studies have
corroborated on the increase in alpha power as seen during
actual spaceflight, but have also reported contrasting find-
ings [14]. As stated above, the gravitational stimulus is
preserved in HDBR, so it might not be the best model to
investigate the effect ofmicrogravity on the human brain [7].
In general, spaceflight-related alterations in electrocor-
tical activity have been proposed to reflect mainly emo-
tional stressors [7]. For example, parabolic and spaceflights
are associated with increased stress levels (e.g., anxiety),
while dry immersion and HDBR on the other hand are
associated with boredom due to monotony and immobi-
lization [7].
Magnetic resonance imaging (MRI) studies
MRI is an imaging technique that allows measuring struc-
tural, functional, metabolic, and vascular effects in vivo.
MRI allows to investigate, among others, brain structure,
structural connectivity, and functional connectivity.
So far, only one study has reported MRI-based findings
related to actual spaceflight. This one case study has shown
a decreased intrinsic (functional) connectivity in a
vestibular-related cortical area, i.e. the right insula [15],
underlying the effect of gravitational and vestibular
deprivation. Furthermore, a decrease in cerebellar-motor
connectivity was found postflight [15]. This case study
suggests that typical spaceflight-related problems have
both a central and peripheral component, although gener-
alization should be made very carefully. Ongoing longi-
tudinal studies are aiming to extend these preliminary
investigations in a larger cohort of astronauts.
Up until now, no MRI studies implementing dry immer-
sion have been published. With regard to parabolic flight,
there are no MRI-based data published yet. However,
recently, a decreased intrinsic connectivity strength in the
right angular gyrus (rAG) was observed [16], a region in the
temporoparietal junction (TPJ), known to be involved in
multisensory integration, as well as in cognitive and spatial
tasks (e.g., [17]). This might resemble the downregulation of
conflicting vestibular signals during microgravity. Finally, a
multitude of MRI-based HDBR studies has been conducted,
both of short and long durations. In general, the studies have
primarily reported alterations related to motor-related tasks
(e.g., fine motor control [18]) and more advanced cognitive
function such as executive function [19] and spatial working
memory [20]. Consequently, most studies found changes in
resting-state functional connectivity, as well as white and
grey matter in sensorimotor, somatosensory and cognitive-
related brain regions (for a full overview, readers are referred
to [21]). The scarce involvement of the vestibular-related
structures in HDBR studies is probably related to the
remaining gravitational input.
General difficulties and future perspectives
Previous spaceflight and space analogue studies have
already shown that there is a large individual variability for
several physiological processes such as vestibular decon-
ditioning and sensorimotor adaptation. In addition, neural
adaptation is known to vary quite strongly and can be
influenced by several factors such as demographics,
genetics, and physical activity. Furthermore, EEG studies
have reported microgravity effects on (electro)cortical
activity to be task-dependent. This makes generalization
difficult. Another typical spaceflight factor adding to this is
the inherent small sample sizes in space research. Indeed, it
is very difficult to acquire data in a large group of space
travellers within a reasonable time frame. The extended
periods, often years, during which data are collected,
might, therefore, lead to changes in settings (e.g., acqui-
sition parameters), equipment and team members, possibly
confounding the observed changes.
In addition, from a logistic point of view, it is often
impossible to assess space travellers in the first few
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hours/days after re-entry. However, especially in view of
central adaptation processes, it is desirable to assess as
soon as possible after re-exposure to Earth’s gravity. There
might be a critical time frame to probe certain changes. A
first assessment after a few days might, therefore, miss
effects of interest and/or confound observed changes, as
there is already a re-adaptation to Earth’s conditions [15].
Therefore, investigations should be done at well-consid-
ered and repeated timepoints to infer on the exact temporal
profile and longevity of (electro)cortical changes.
Furthermore, certain assessment techniques such as MRI
are restricted to ground-based measurements only, i.e.,
preflight and postflight measurements. Therefore, it is
recommended to implement multimodal research proto-
cols, complementing MRI assessments with, e.g., EEG,
transcranial magnetic stimulation or near-infrared spec-
troscopy to get a better insight into the changes occurring at
the level of the brain both during and after spaceflight.
Concomitantly, the limitations inherent to a single tech-
nique are overcome. For example, combining EEG and
MRI would improve spatio-temporal resolution.
Conclusions
Currently, there is paucity in the knowledge of the effect of
spaceflight and microgravity on the human brain, compli-
cating advancement of space neurosciences. Overall,
cerebellar, sensorimotor, and vestibular brain regions seem
to be affected most. Previous vestibular-related space
research has focused primarily on peripheral hampered
function, but the current research suggests that the central
deconditioning is at least as important. Elaborating on the
understanding of how the brain reacts to and behaves in
microgravity is a crucial step in the development of more
adequate countermeasures against the detrimental changes
often seen in space travellers early after return. This is
pivotal to guarantee the safety and efficiency of future
space missions. In addition, this acquired insight might
eventually have relevant implications for patients suffering
from neurodegenerative disorders, vestibular problems, and
immobilization/inactivity.
Acknowledgements The authors would like to thank Jeroen De
Coninck for the help with the figure.
Funding This work was supported by the European Space Agency
(ESA) and BELSPO Prodex, the University and University Hospital
of Antwerp, the University and University Hopsital of Lie`ge, the
French Speaking Community Concerted Research Action, the James
S. McDonnell Foundation, the European Commission, the Human
Brain Project (EU-H2020-FETFLAGSHIP-HBP-SGA1-GA720270),
the LUMINOUS project (EU-H2020-FETOPEN-GA686764, the
Fonds de la Recherce Scientifique (FNRS), and the Research Foun-
dation Flanders (FWO Vlaanderen). AVO is a Research Fellow of the
Research Foundation Flanders (Belgium, FWO Vlaanderen), BJ is a
Postdoctoral Fellow of FWO Vlaanderen, AD is a Postdoctoral Fel-
low of the Fonds de la Recherche Scientifique (FNRS), and SL is
Research Director at FNRS. AVO received a 2016–2017 Amelia
Earhart fellowship from Zonta International.
Compliance with ethical standards
Conflicts of interest None declared.
Ethical standards The manuscript does not contain clinical studies
or patient data.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
1. Lopez C, Blanke O (2011) The thalamocortical vestibular system
in animals and humans. Brain Res Rev 67(1–2):119–146
2. De La Torre G (2014) Cognitive neuroscience in space. Life
4:281–294
3. Ivry RB, Keele SW, Diener HC (1988) Dissociation of the lateral
and medial cerebellum in movement timing and movement exe-
cution. Exp Brain Res 73:167–180
4. Navasiolava NM, Custaud MA, Tomilovskaya ES, Larina IM,
Mano T, Gauquelin-Koch G, Gharib C, Kozlovskaya IB (2011)
Long-term dry immersion: review and prospects. Eur J Appl
Physiol 111(7):1235–1260
5. Pavy-Le Traon A, Heer M, Narici MV, Rittweger J, Vernikos J
(2007) From space to Earth: advances in human physiology from
20 years of bed rest studies. Eur J Appl Physiol 101(2):143
6. Karmali F, Shelhamer M (2008) The dynamics of parabolic
flight: flight characteristics and passenger percepts. Acta Astro-
naut 63(5–6):594–602
7. Marusˇicˇ U, Meeusen R, Pisˇot R, Kavcic V (2014) The brain in
micro- and hypergravity: the effects of changing gravity on the
brain electrocortical activity. Eur J Sport Sci 14(8):813–822
8. Cheron G, Leroy A, De Saedeleer C, Bengoetxea A, Lipshits M,
Cebolla A, Servais L, Dan B, Berthoz A, McIntyre J (2006)
Effect of gravity on human spontaneous 10-Hz electroen-
cephalographic oscillations during the arrest reaction. Brain Res
1121:104–116
9. Cebolla A, Petieau M, Dan B, Balazs L, McIntyre J, Cheron G
(2016) Cerebellar contribution to visuo-attentional alpha rhythm:
insights from weightlessness. Sci Rep 6:37824
10. Kuznetsova G, Gabova A, Lazarev I, Obukhov I, Obukhov K,
Morozov A, Kulikov M, Shchatskova A, Vasil’eva O, Tomi-
lovskaya E (2015) Frequency-temporal structure of human elec-
troencephalogram in the condition of artificial hypogravity: dry
immersion model. Aviakosm Ekolog Med 49(3):25–32
11. Schneider S, Bru¨mmer V, Carnahan H, Dubrowski A, Askew CD,
Stru¨der HK (2008) What happens to the brain in weightlessness?
A first approach by EEG tomography. Neuroimage 42:1316–1323
12. Lipnicki D (2009) Baroreceptor activity potentially facilitates
cortical inhibition in zero gravity. Neuroimage 46(1):10–11
13. Wiedemann M, Kohn P, Roesner H, Hanke R (2011) Self-orga-
nization and pattern formation in neuronal systems under
J Neurol
123
conditions of variable gravity life sciences under space condi-
tions. Higher Education Press, Beijing
14. Han DX, Liu YH, Zhou CD, Zhang BL, Fei JX, Liu G (2001)
Effect of head-down bed rest on human EEG. Space Med Med
Eng 14(3):168–171
15. Demertzi A, Van Ombergen A, Tomilovskaya ES, Jeurissen B,
Pechenkova E, Di Perri C, Liudmila L, Amico E, Rumshiskaya
A, Rukavishnikov I, Sijbers J, Valentin S, Kozlovskaya IB,
Sunaert S, Parizel PM, Van de Heyning P, Laureys S, Wuyts F
(2016) Cortical reorganization in an astronaut’s brain after long-
duration spaceflight. Brain Struct Funct 221(5):2873–2876
16. Van Ombergen A, Wuyts FL, Jeurissen B, Sijbers J, Vanhevel F,
Jillings S, Parizel PM, Sunaert S, Dousset V, Laureys S, Demertzi
A (2016) Decreased intrinsic connectivity strength in the right
temporo-parietal junction after exposure to short-term micro-
gravity. In: 3rd DIZZYNET meeting & ‘‘the vestibular system:
sensory, motor and cognitive functions’’, Hohenkammer, Munich
17. Fiori F, Candidi M, Acciarino A, David N, Aglioti SM (2015)
The right temporo parietal junction plays a causal role in
maintaining the internal representation of verticality. J Neuro-
physiol 3:jn.00289.2015
18. Liao Y, Lei M, Huang H, Wang C, Duan J, Hongzheng L, Liu X
(2015) The time course of altered brain activity during 7-day
simulated microgravity. Front Behav Neurosci 9:124. doi:10.
3389/fnbeh.2015.00124
19. Liao Y, Zhang J, Huang Z, Xi Y, Zhang Q, Zhu T, Liu X (2012)
Altered baseline brain activity with 72 h of simulated micro-
gravity—initial evidence from resting-state fMRI. PLoS ONE
7(12):1–6
20. Cassady K, Koppelmans V, Reuter-Lorenz P, De Dios Y, Gadd
N, Wood S, Castenada R, Kofman I, Bloomberg J, Mulavara A,
Seidler R (2016) Effects of a spaceflight analog environment on
brain connectivity and behavior. Neuroimage 141:18–30
21. Van Ombergen A, Laureys S, Sunaert S, Tomilovskaya ES,
Parizel PM, Wuyts FL (2017) Spaceflight-induced neuroplasticity
in humans as measured by MRI: what do we know so far? npj
Microgravity 3(2). doi:10.1038/s41526-016-0010-8
J Neurol
123
